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1

INORGANIC OPTICAL ELEMENT HAVING
A BIREFRINGENT FILM WITH A
COLUMNAR STRUCTURE AND A

PROTECTIVE FILM FORMED THEREON
AND METHOD FOR MANUFACTURING
SAME

BACKGROUND OF THE INVENTION

Technical Field

The present invention relates to an inorganic optical
clement including a birefringent film having a columnar
structure, and a method for producing the 1norganic optical
clement.

Background Art

Although a birefringent film having a columnar structure
which 1s formed by obliquely vapor-depositing inorganic
particles on a substrate surface has conventionally been
used, there 1s concern that a phase difference varies depend-
ing on an amount of moisture contained 1n a void in the
birelringent film. Therefore, for example, 1 the technolo-
gies described 1n PTLs 1 and 2, a protective film 1s formed
on an obliquely vapor-deposited film to hold occluded water.
In the technology described in PTL 3, a silane coupling
agent containing a highly hydrophobic fluoroalkyl group is
used to dispose a surface modification layer on a birefringent

film, to thereby inhibit moisture from being adsorbed due to
its water repellency.

CITATION LIST
Patent Literature

PTL 1: Japanese Patent Application Laid-Open (JP-A) No.
2000-047033

PTL 2: JP-A No. 2012-008363

PTL 3: JP-A No. 2012-103577

SUMMARY OF INVENTION

Technical Problem

However, the protective film disposed on the birefringent
layer has poor adhesion due to the presence of voids 1n the
columnar structure, potentially leading to film flaking.

The present invention 1s proposed based on the aloremen-
tioned current situations in the art, and aims to provide an
inorganic optical element including a protective film which
1s formed on a birefringent layer and which 1s excellent 1n
adhesion and a method for producing the inorganic optical
clement.

Solution to Problem

In order to solve the aforementioned problems, an 1nor-
ganic optical element according to the present invention
includes:

a birefringent film having a columnar structure; and

a protective film formed on the birefringent film,

wherein a component of the protective film enters a gap
in the columnar structure of the birefringent film.

A method for producing an inorganic optical element
according to the present ivention includes:

forming a protective {ilm on a birefringent film having a
columnar structure to allow a component of the protective
film to enter a gap in the columnar structure.
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2

Tects of the Invention

Advantageous E

The present invention can improve adhesion between the
birefringent film and the protective film by allowing a
component of the protective film to enter a void i the
columnar structure of the birefringent {ilm and attaching the
component of the protective film to the birefringent film.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic cross-sectional view partially 1llus-
trating an inorganic optical element according to the present
ivention.

FIG. 2 1s a cross-sectional view illustrating one exemplary
conflguration of an inorganic wavelength plate.

FIG. 3 1s a flowchart 1llustrating one exemplary method
for producing an morganic wavelength plate.

FIG. 4 1s a schematic diagram illustrating a plasma CVD
device.

FIG. 5 1s an SEM image 1illustrating a cross section of the
inorganic wavelength plate of Comparative Example 1.

FIG. 6 1s an image illustrating a surface where film flaking
occurred after a high temperature and high humidity test in
the 1norganic wavelength plate of Comparative Example 1.

FIG. 7A 1s an SEM 1mage illustrating a cross section of a
portion where film flaking occurred after a high temperature
and high humidity test in the 1norganic wavelength plate of
Comparative Example 1.

FIG. 7B 1s an enlarged SEM 1mage of FIG. 7A.

FIG. 8 1s an image for evaluating a flaking level (JIS K
5600) of the inorganic wavelength plate of Example 1.

FIG. 9A 1s an SEM 1mage illustrating a cross section of a
sample of Example 4 on which a protective film has been
formed.

FIG. 9B 1s an enlarged SEM 1mage of FIG. 9A.

FIG. 10 1s an SEM 1mage illustrating a cross section of a
sample which 1s formed by forming a protective film on a
glass substrate simultaneous with formation of a protective
film 1n the 1norganic wavelength plate of Example 4.

FIG. 11 1s a graph 1illustrating an atomic concentration
versus etching time (depth direction) of the inorganic wave-
length plate of Example 4 in ESCA analysis.

FIG. 12 1s an 1image for evaluating a flaking level (JIS K
5600) of the morganic wavelength plate of Example 4.

FIG. 13 1s a graph illustrating a rate of change of
reflectivity during a high temperature and high humidity test
in the 1norganic wavelength plates of Example 4 and Com-
parative Example 1.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will now be
described 1n detail in the following order with reference to
drawings, hereinaiter.

1. Inorganic optical element
2. Method for producing inorganic optical element
3. Examples

1. Inorganic Optical Element

An 1organic optical element according to the present
invention includes a birefringent film having a colummnar
structure and a protective film formed on the birefringent
film. A component of the protective film enters a gap in the
columnar structure of the birefringent film. This allows the
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component of the protective film to attach to the birefringent
f1lm, leading to high adhesion between the birefringent film
and the protective film.

FIG. 1 1s a schematic cross-sectional view partially 1llus-
trating the 1norganic optical element according to the present
invention. As illustrated in FIG. 1, the mmorganic optical
clement includes a base film 11, a birefringent film 12
tormed on the base film 11, and a protective film 13 formed
on the birefringent film 12.

The base film 11 1s not particularly limited, and a multi-
layered film or a substrate may be used as appropnate.

The birefringent film 12 has a columnar structure which
1s composed of a bundle of columnar bodies made of, for
example, a dielectric, a metal, or a semiconductor. One
example of the birefringent film 12 having such a columnar
structure includes an obliquely vapor-deposited film. The
birefringent film 12 includes an entry a which 1s formed by
allowing the component of the protective film 13 to enter the
gap 1n the columnar structure. This can improve adhesion
between the birefringent film 12 and the protective film 13.

The protective film 13 1s made of an inorganic compound
such as S10,, Ta,O., T10,, Al,O,, Nb,O., LaO, and MgF,
and configured to prevent moisture from entering the bire-
fringent film 12. This can prevent a phase difference from
varying depending on an amount of moisture contained 1n a
void 1n the birefringent film 12.

Examples of the imnorganic optical element having the
above described configuration include a wavelength plate
which changes a polarization state of original light and a
phase difference compensation polarizing plate which
includes a birefringent film having a columnar structure. An
inorganic wavelength plate will now be described as one
example of the 1norganic optical element.

FI1G. 2 1s a cross-sectional view illustrating one exemplary
configuration of the morgamic wavelength plate. As 1llus-
trated 1n FIG. 2, the morganic wavelength plate includes a
substrate 21, a matching film 22 formed on the substrate 21,
a first AR film 23 formed on a surface of the substrate 21
opposite to the matching film 22, a birefringent film 24
formed on the matching film 22, a protective film 25 formed
on the birefringent film 24, and a second AR film 26 formed
on the protective film 25.

The substrate 21 1s transparent to light 1n the wavelength
band to be used, and 1s made of a material having a refractive
index of 1.1 to 2.2 such as glass, sapphire, and crystal.
Depending on an application of the wavelength plate, glass,
in particular, quartz (refractive index: 1.46) or soda-lime
glass (refractive index: 1.51) may be used. A component
composition of the glass material 1s not particular limited.
For example, an inexpensive glass material such as silicate
glass, which 1s widely marketed as optical glass, may be
used.

The matching film 22 1s a multilayered film configured to
prevent reflection at an interface between the birefringent
film 24 and the substrate 21, and may be disposed as
appropriate. The matching film 22 1s, for example, a dielec-
tric multilayered film, and 1s designed so as to mvert phases
ol surface reflecting light and interface retlecting light and
compensate with each other.

The first AR (Ant1 Reflection) film 23 may be, for
example, a multilayered thin film including a high refractive
f1lm and a low refractive film which are commonly used. The
first AR film 23 disposed on the substrate 21 can attenuate
surface retlection and increase transmittance of the substrate
21.

The birefringent film 24 has a columnar structure which
1s composed of a bundle of columnar bodies made of one or
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4

more types of dielectrics. One example of the birefringent
film 24 includes an obliquely vapor-deposited film which 1s

formed by depositing 1norganic particles of a dielectric
through oblique vapor-deposition or oblique sputtering. The
dielectric 1s preferably an oxide including one or more types
selected from the group consisting of Ta, S1, T1, Al, Mg, La,
Zr, and Nb. Specific examples of the oxide include Ta,O.,
S10,, T10,, Al,O,;, MgO, CeO,, ZrO,, ZrO, and Nb,O..
Among them, Ta,O., which 1s highly birefringent, 1s pref-
erably used 1n the present embodiment.

The columnar structure includes a columnar portion
which 1s formed by depositing dielectric particles and a void
portion which 1s air space between the columnar portions.
For example, the obliquely vapor-deposited film 1s formed
utilizing the so-called selt-shadowing eflect. That 1s, when a
dielectric material 1s obliquely vapor-deposited on a surface
of the substrate, a shade portion on which the dielectric
material cannot be deposited directly 1s created. This results
in the columnar structure including the columnar portion
which 1s formed by depositing dielectric particles and the
void portion which 1s air space between the columnar
portions.

An entry depth of the component of the protective film 25
into the columnar structure 1s preferably 3 nm or more, more
preferably 10 nm or more. The more the entry depth of the
component of the protective film 25 into the colummar
structure 1s, the higher the adhesion between the protective
f1lm 25 and the birefringent film 24 1s, leading to improved
resistance to moisture. The entry depth of the component of
the protective film 25 can be determined by TEM or an
clemental analysis 1n the depth direction using ESCA analy-
S18.

The protective film 25 1s made of an 1norganic compound
such as S10,, Ta,O., T10,, Al,O,, Nb,O., LaO, and MgF,
and configured to prevent moisture from entering the bire-
fringent film 24. This can prevent the phase diflerence from
varying depending on the amount of moisture contained in
a void 1 the birefringent film 24.

The second AR film 26 may be, for example, a multilay-
cered thin film including a high refractive film and a low
refractive film which are commonly used, like the first AR
film 23. The second AR film 26 disposed on the protective
film 235 can attenuate surface reflection and increase trans-
mittance ol the protective film 25.

2. Method for Producing Inorganic Optical Element

Next, a method for producing an 1norganic optical ele-
ment according to the present invention will now be
described. The method for producing an inorganic optical
clement according to the present invention includes forming
a protective film on a birefringent film having a columnar
structure to allow a component of the protective film to enter
a gap 1n the columnar structure. This allows the component
ol the protective film to attach to the birefringent film, so that
adhesion between the birefringent film and the protective
film can be improved.

A method for producing the mmorganic wavelength plate
having the configuration illustrated in FIG. 2 will now be
described as a specific example of the inorganic optical
clement. FIG. 3 1s a flowchart illustrating a method for
producing the 1norganic wavelength plate.

Firstly, at Step S31, the substrate 21 1s prepared. Next, at
Step S 32, the matching film 22, which 1s a multilayered
film, 1s formed on the substrate 21 for the purpose of
preventing reflection at the interface between the bireirin-
gent film 24 and the substrate 21. Then, at Step S33, the first
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S

AR film 23 1s formed on a surface of the substrate 21
opposite to the matching film 22.

Then, at Step S34, the birefringent film 24 1s formed on
the matching film 22. The birefringent film 24 1s formed
through oblique vapor-deposition or oblique sputtering. For
example, a bundle of columnar dielectrics may be formed as
tollows. A dielectric material 1s obliquely vapor-deposited
on the substrate from one direction, the substrate 1s rotated
180°, and then the dielectric material 1s obliquely vapor-
deposited from another direction. This vapor-deposition

cycle 1s repeated a plurality of times.
Then, at Step S35, the birefringent film 24 i1s annealed at

a temperature of 100° C. or higher but 300° C. or lower. This
enables moisture contained 1n the gap portion 1n the bire-
fringent film 24 to evaporate. Note that, when the birefrin-
gent film 1s annealed at an excessively high temperature,
columnar bodies are grown to be a thicker columnar body,
potentially leading to decreased birefringence or decreased
transmittance.

Then, at Step S36, the protective film 235 1s formed on the
birefringent film 24. For example, in the case of depositing
S10, as the protective film 25, 1t 1s preterable to use TEOS
(tetracthoxy silane) gas and O, as a S10, material and a
plasma CVD device.

FIG. 4 1s a schematic diagram 1illustrating a plasma CVD
(Chemical Vapor Deposition) device.

As 1llustrated i FIG. 4, the plasma CVD device 1s
configured to excite the TEOS gas mto plasma using a high
frequency electrode, so that the TEOS gas can enter the void
portion ol the colummar structure relatively easily. The
TEOS gas enter the void portion, where 1t binds to 10nized
O, to form S10,. A CVD process conditions 1s desirably
adjusted as follows: flow ratio of TEOS gas to O,: TEOS:
0,=1:3000 to 6000; film formation pressure: 60 Pa or

higher; and film formation temperature: 150° C. or higher.

A 510, protective film formed by the plasma CVD device
1s characterized by using a vaporized material gas unlike
physical vapor deposition (e.g., sputtering). Therefore, the
TEOS gas can enter the void portion of the columnar
structure relatively easily. As a result, the whole surface of
the birefringent film 24 can be sealed by adjusting film
formation time.

Then, at Step S37, the second AR film 26 1s formed on the
protective film 25. At Step S38, the resultant 1s cut to size
according to specifications by scribing, and subjected to
ispection. Thus, the 1norganic wavelength plate 1s com-
pleted.

Note that, a method for forming the protective film 1s not
limited to the above described CVD method. The CVD
method 1s superior 1n step coverage to a sputtering method
or a vacuum vapor deposition method since a film 1s formed
through a chemical reaction 1n a boundary layer including
the void portion of the birefringent film. The effect of the
present invention can be achieved by optimizing film for-
mation conditions such as the film formation pressure and
the tlow ratio of gases depending on the CVD device to be
used. The protective film can also be formed by an inorganic
SOG (Spin on Glass) method or an ALD (Atomic Layer
Deposition) method, which provides the same eflect as the
CVD method. Depending on use environment, the sputter-
ing method or the vacuum vapor deposition method may
also be used.

EXAMPLES

3. Example

Examples of the present invention will now be described.
Examples, morganic wavelength plates in which a pro-
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tective film 1s formed on a columnar structure were pro-
duced, and evaluated for adhesion of the protective film and
for a rate of change of reflectivity during a high temperature
and high humidity test. Note that, the present invention 1s not
limited to Examples.

[Production of Wavelength Plate]

The morganic wavelength plate 1llustrated in FIG. 2 was
produced according to the flowchart illustrated in FIG. 3.
Firstly, a matching film was formed on a glass substrate.
Next, an anti-reflection film was formed on a surface of the
glass substrate opposite to the matching film. Then, an
obliquely vapor-deposited film made of Ta,O. was formed
on the matching film, and annealed at a temperature of 100°
C. or higher but 300° C. or lower.

After annealing, a protective film made of S10, was
formed on the obliquely vapor-deposited film (birefringent
f1lm) using TEOS (tetracthoxy silane) gas and O, as a S10,,
material and a plasma CVD device. Then, an anti-reflection
film was laminated on the protective film, followed by
cutting to size according to specifications by scribing. Thus,
the morganic wavelength plate was produced.

A CVD process condition for forming the protective film
was adjusted as follows: flow ratio of TEOS gas to
O,: TEOS:0,=1:3000 to 6000; film formation pressure: 60
Pa or higher; and film formation temperature: 150° C. or
higher, to thereby produce 1norganic wavelength plates with
varying entry depths of S10, into a void portion of the
birefringent film.

The entry depth of a component of the protective film 1nto
the void portion of the birefringent film was determined as
a diflerence between thicknesses of the protective film
formed on the birefringent film and a protective film formed
on a glass substrate when the glass substrate and a sample
including the birefringent film were placed into the plasma
CVD device and then protective films were formed thereon.
|[Evaluation of Adhesion]

According to JIS K 5600, right-angled lattice pattern (25
squares) was cut from the anti-reflection film into the
birefringent film. Then, a piece of tape was attached on the
anti-reflection film and then peeled ofl. The protective film
was evaluated for a flaking level, that 1s, resistance to
peeling of the tape by classifying into Classifications O to 5
according to JIS K 5600.

Note that, classifications of the flaking level according to
JIS K 5600 are as follows.

[Classification 0]; The edges of the cuts are completely
smooth; none of the squares of the lattice 1s detached.
[Classification 1]; Detachment of small flakes of the coating
at the intersections of the cuts. A cross-cut area not signifi-
cantly greater than 5% 1s aflected.

|Classification 2]; The coating has flaked along the edges
and/or at the intersections of the cuts. A cross-cut area
significantly greater than 5%, but not significantly greater
than 15%, 1s aflected.

|Classification 3]; The coating has flaked along the edges of
the cuts partly or wholly 1n large ribbons, and/or 1t has tlaked
partly or wholly on different parts of the squares. A cross-cut
arca significantly greater than 15%, but not significantly
greater than 35%, 1s aflected.

[Classification 4]: The coating has flaked along the edges of
the cuts 1n large ribbons and/or some squares have detached
partly or wholly. A cross-cut area not significantly greater
than 35% 1s aflected.

|Classification 5]: Any degree of flaking that cannot even be
classified by Classification 4.

A high temperature and high humidity test was performed
at 60° C. and 90% RH for 500 hours to thereby evaluate for
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the presence or absence of film flaking on the inorganic
wavelength plate after the test. The morganic wavelength
plate was evaluated as “Pass™ 1n the case of the absence of
the film flaking, and evaluated as “Fail” 1n the case of the
presence of the film flaking.

Example and Comparative Example

The entry depth of the component of the protective film
into the birefringent film 1n the morganic wavelength plate
of Comparative Example 1 was 0 nm. The entry depths of
the components of the protective films into the birefringent
films 1n the morganic wavelength plates of Examples 1 to 4
were 3 nm, 5 nm, 10 nm, and 16 nm.

Table 1 represents the entry depth of the component of the
protective film into the birefringent film, the flaking level,
and the evaluation result for film flaking after the high
temperature and high humidity test. The flaking level of the
inorganic wavelength plate of Comparative Example 1 was
Classification 5. The flaking levels of the inorganic wave-
length plates of Examples 1 to 4 were Classification 3,
Classification 2, Classification 0, and Classification 0. The
film flaking after the high temperature and high humidity
test of the inorganic wavelength plate of Comparative
Example 1 was evaluated as Fail. The film flaking after the
high temperature and high humidity test of the inorganic
wavelength plates of Examples 1 to 4 were all evaluated as
Pass.

TABLE 1

Evaluation for film
flaking after high

temperature and

Entry depth of

component of Flaking level

protective film [nm] (JIS K 5600)  high humidity test
Comp. Ex. 1 0 Classification 5 Fail
Ex. 1 3 Classification 3 Pass
Ex. 2 5 Classification 2 Pass
Ex. 3 10 Classification 0 Pass
Ex. 4 16 Classification 0 Pass

FIG. 5 1s an SEM 1mage 1llustrating a cross section of the
inorganic wavelength plate of Comparative Example 1. In
FIG. 5, reference numeral 41 denotes a quartz substrate,
reference numeral 42 denotes a matching film, reference
numeral 43 denotes a birefringent film, reference numeral 44
denotes a CVD S10, film, and reference numeral 45 denotes
an AR film. FIG. 6 1s an 1mage illustrating a surface where
film flaking occurred after the high temperature and high
humidity test 1in the mnorganic wavelength plate of Compara-
tive Example 1. FIG. 7A 1s an SEM 1mage 1llustrating a cross
section ol a portion where film flaking occurred after the
high temperature and high humidity test in the inorganic
wavelength plate of Comparative Example 1. FIG. 7B 1s an
enlarged SEM 1mage of an area surrounded by white lines 1n
FIG. 7A. When the entry depth of S10, into the void portion
of the birefringent film was small as 1n Comparative
Example 1, adhesion failed through the high temperature

and high humidity test to thereby cause film flaking at the
interface between the birefringent film and the protective
f1lm.

FIG. 8 1s an 1mage for evaluating a flaking level (JIS K
5600) of the mnorganic wavelength plate of Example 1. When
the entry depth of the component of the protective film was
3 nm as mn Example 1, the film flaking was observed on a
cross-cut area as illustrated 1n FIG. 8, but no film flaking was
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observed after the high temperature and high humidity test,
which can be considered as practically available.

FIG. 9A 1s an SEM 1mage illustrating a cross section of a
sample of Example 4 1n which the protective film has been
formed. FIG. 9B 1s an enlarged SEM 1mage thereof. FI1G. 10
1s an SEM 1mage 1llustrating a cross section of a sample
which 1s formed by forming a protective film on a glass
substrate simultancous with formation of the protective film
in the morganic wavelength plate of Example 4. It can be
seen from SEM 1mages of FIGS. 9B and 10 that a S10,, {ilm
formed on the birefringent film having the columnar struc-
ture had a thickness of 40.313 nm, and that a S10, film
formed on the glass substrate had a thickness of 57.187 nm.
Theretore, the S10, film formed on the birefringent film
having the columnar structure 1s believed to enter the void
within the birefringent film and bind to the birefringent film.
The entry depth of the component of the protective film into
the birefringent film in Example 4 was determined as about
16 nm based on a difference between the thicknesses.

FIG. 11 1s a graph 1illustrating an atomic concentration
versus etching time (depth direction) of the 1mnorganic wave-
length plate of Example 4 in ESCA analysis. As 1llustrated
in FIG. 11, a layer trom which both ot S10, and Ta,O, were
detected simultaneously was found.

FIG. 12 1s an image for evaluating a flaking level (JIS K
5600) of the 1norganic wavelength plate of Example 4. When
the entry depth of the component of the protective film was
16 nm as 1n Example 4, no film flaking was observed on the
cross-cut area, indicating that high adhesion between the
birefringent film and the protective film was achieved.

FIG. 13 1s a graph illustrating a rate of change of
reflectivity during the high temperature and high humidity
test 1n the 1norganic wavelength plates of Example 4 and
Comparative Example 1. In FIG. 13, a rate of change of
reflectivity of a wavelength plate including an organic film
1s also presented as a reference example. The 1norganic
wavelength plate of Example 4 had high adhesion between
the bireifringent film and the protective film, so that the
protective film was not tlaked even after the high tempera-
ture and high humidity test. As a result, an amount of
moisture contained in the void of the birefringent film was
remained constant and the phase diflerence was able to be
prevented from varying.

REFERENCE SIGNS LIST

base film
birefringent film
protective film
substrate
matching film
first AR film
birefringent film
235: protective film
26 second AR film
41: quartz substrate
42: matching film
43: bireiringent film
44: CVD S10, film
45: AR film

11:
12:
13:
21:
22:
23:
24:

The mvention claimed 1is:

1. An morganic optical element, comprising:

a birefringent {ilm having a columnar structure; and

a protective {ilm formed on the birefringent film,

wherein a component of the protective film enters a gap
in the columnar structure of the birefringent film, and
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wherein the morganic optical element 1s consisting of

inorganic materials.

2. The morganic optical element according to claim 1,
wherein an entry depth of the component of the protective
film 1s 3 nm or more.

3. The morgamic optical element according to claim 1,
wherein an entry depth of the component of the protective
film 1s 10 nm or more.

4. The morganic optical element according to claim 1,
wherein the protective film 1s made of S10.,,.

5. The morganic optical element according to claim 1,
comprising;

a glass substrate; and

a matching film formed on the glass substrate,

wherein the birefringent film 1s formed on the matching

f1lm.

6. A method for producing an morganic optical element,
the method comprising:

forming a protective {ilm on a birefringent film having a

columnar structure to allow a component of the pro-
tective film to enter a gap in the columnar structure,
wherein the inorganic optical element 1s consisting of
inorganic materials.

7. The morganic optical element according to claim 1,
wherein the birefringent film comprises a columnar portion,
a void portion which 1s air space between the columnar
portions, and the component of the protective film.
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